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We propose an SU(3)C × SU(2)L × U(1)Y × U(1)B−L model, in which the neutrino masses and
mixings can be generated via Type-I seesaw mechanism after U(1)B−L breaking. A light mediator
emerges and leads to non-standard interactions leptons which violate the lepton number. We show
that these non-standard interactions leads to low energy recoil events that is consistent with the
observed KeV range electron recoil excess at the XENON1T experiment. Observational bounds on
the non-standard couplings are discussed.
I. INTRODUCTION
Recently, the XENON Collaboration reported the re-
sults for new physics search by using the low-energy elec-
tronic recoil data with an exposure of 0.65 ton-years [1].
With 285 observed events over an expected background
of 232±15 events, they observed an excess for the electron
recoil energies below 7 keV, rising towards lower energies
and prominent between 2 and 3 keV. Possible sources of
the excess include the β-decay from a trace amount of
tritium impurity (6.2 ± 2.0 × 10−20 mol/mol) in the de-
tector, which explained at 3.2σ [1]. Also, they found that
the solar axion and the solar neutrino with magnetic mo-
ment respectively provide 3.5σ and 3.2σ significance fit
to the excess in certain parameter ranges, which are un-
fortunately in tension with stellar cooling bounds [2–4].
When an unconstrained tritium component is included
in the fitting, both the solar axion and the solar neu-
trino magnetic moment hypotheses lose the substantial
statistical significance, and their significance levels are
decreased to 2.1σ and 0.9σ, respectively. The bosonic
dark matter has been studied as well, but the global sig-
nificance is less than 3σ. Moreover, the other generic
concern is the recoil energy very close to the threshold
of the experiment, which might affect the performance of
the detector in these energy bins.
Following the XENON1T result, this excess has been
extensively discussed via a number of emerging pa-
pers on the non-standard neutrino-electron interactions
with light mediators [5–11], solar axions [12, 13], axion-
like dark matter [14], hidden dark photon dark mat-
ter [15–17], fast moving dark matter [18], boosted dark
matter [19–22], inelastic or multi-component dark mat-
ter [23–27], decaying dark matter [28–30], Migdal ef-
fect [31], luminous dark matter [32], shining dark mat-
ter [33], inverse Primakoff effect [34], hydrogen decay [35]
as well as re-examining detector backgrounds [36], col-
lider searches [37] and stellar cooling [38] limits.
In this paper we will explain the XENON1T excess
via the non-standard neutrino-electron interactions with
a light mediator. We shall propose a SU(3)C×SU(2)L×
Qi (3,2,1/6,1/6) U
c
i (3,1,−2/3,−1/6)
Dci (3,1,1/3,−1/6) Li (1,2,−1/2,−1/2)
Eci (1,1,1,1/2) N
c
i (1,1,0,1/2)
XE (1,1,−1,−3/2) XEc (1,1,1,3/2)
Φ (1,3,1,1) H (1,2,−1/2,0)
H ′ (1,2,−1/2,−1) S (1,1,0,−1)
T (1,1,0,−1)
TABLE I. The particles and their quantum numbers under
the SU(3)C × SU(2)L × U(1)Y × U(1)B−L gauge group.
U(1)Y × U(1)B−L model. After the U(1)B−L breaking,
the neutrino masses and mixings can be generated via the
Type I seesaw mechanism. In particular, we shall have a
light mediator, as well as the non-standard interactions
between the light mediator and leptons which violate the
lepton number. We show that the excess in electron recoil
events at the XENON1T experiment can be explained
via the solar neutrino due to these non-standard interac-
tions. In addition, we show that the various experimental
constraints can be satisfied as well.
II. MODEL SETUP
The SU(3)C × SU(2)L × U(1)Y × U(1)B−L model is
composed as follows: With conventions that the Stan-
dard Model (SM) quark doublets, right-handed up-type
quarks, right-handed down-type quarks, lepton doublets,
right-handed charged leptons, and right-handed neutri-
nos are denoted as Qi, U
c
i , D
c
i , Li, E
c
i and N
c
i , respec-
tively. Then we introduce one SU(2)L triplet Φ, two
SU(2)L doublets H and H
′, and two SM singlets S and
T .
We assume that T obtains a Vacuum Expectation
Value (VEV) that breaks the U(1)B−L gauge symmetry,
and H is the SM Higgs doublet which breaks the elec-
troweak gauge symmetry. Here we assume that Φ, H ′,
and S do not acquire VEVs. Effective Yukawa couplings
betwen H ′ and leptons can be generated if we introduce
a pair of vector-like particles (XE,XEc) as heavy me-
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2diators with masses above the U(1)B−L breaking scale.
These particles and their quantum numbers under the
SU(3)C × SU(2)L × U(1)Y × U(1)B−L gauge symmetry
are summarized in Table I.
The general scalar potential in the model is given by
V = m2S |S|2 −m2T |T |2 −m2H |H|2 +m2H′ |H ′|2 +m2Φ|Φ|2
+λS |S|4 + λT |T |4 + λH |H|4 + λH′ |H ′|4 + λΦ|Φ|4
+λST |S|2|T |2 + λSH |S|2|H|2 + λSH′ |S|2|H ′|2
+λSΦ|S|2|Φ|2 + λTH |T |2|H|2 + λTH′ |T |2|H ′|2
+λTΦ|T |2|Φ|2 + λHH′ |H|2|H ′|2 + λHΦ|H|2|Φ|2
+λH′Φ|H ′|2|Φ|2 +
(
A1ΦHH
′ +A2SH ′H
+λΦSHH + H.C.) , (1)
where H = iσ2H
∗ and H ′ = iσ2H ′∗ with σ2 the second
Pauli matrix. Here, we neglect the TH ′H and ΦTHH,
which will induce the tadpole terms for H ′ and Φ. In
principle, because S and T have the same quantum num-
bers, without loss of generality, we can make a U(1)B−L
rotation so that only one linear combination of them has
a VEV in case they both have VEVs. After H and T
obtain VEVs, the neutral components of Φ, S, and H ′
fields will mix with each other, and we assume the light-
est CP-even mass eigenstate
s = cosα ReS + sinα cosβ ReΦ0 + sinα sinβ ReH ′0 .
to be very light in this paper.
The Lagrangian involving the fermions is
−L = yUijQiU cjH + yDijQiDcjH + yEijLiEcjH + yνijLiN cjH
+yNij TN
c
iN
c
j + +y
Φ
ijLiΦLj + y
H′
i H
′LiXEc
+yTi TE
c
iXE + +MXEXE
cXE + H.C. , (2)
With the yνijLiN
c
jH and y
N
ij TN
c
iN
c
j terms, we can gen-
erate the neutrino masses and mixings via Type I see-
saw mechanism after T acquires a VEV and breaks the
U(1)B−L gauge symmetry. Also, integrating out the
vector-like particles (XE,XEc), we obtain
−L ⊃ − 1
MXE
yH
′
i y
T
j H
′TLiEcj + H.C. . (3)
After U(1)B−L gauge symmetry breaking, we get
−L ⊃ − 〈T 〉
MXE
yH
′
i y
T
j H
′LiEcj + H.C. . (4)
For simplicity with phenomenology, we can assume that
only yH
′
1 and y
T
1 are non-zero. From the terms y
Φ
ijLiΦLj
and Eq. (4), we obtain
−L ⊃ y
′Φ
ij
2
sνci νj + yese¯e+ H.C. , (5)
where νi is the neutrino mass eigenstate, e is the electron,
and
ye = − 〈T 〉
MXE
yH
′
1 y
T
1 . (6)
ν νc
e− e
−
s
FIG. 1. Feynman diagram for the NSI νe− → νce− scattering.
and a heavy MXE mass above U(1)B−L breaking scale
will provide a small ye.
We would like to emphasize the difference from the tra-
ditional SU(3)C × SU(2)L ×U(1)I3R ×U(1)B−L model,
i.e., the traditional U(1)B−L model. The main point is
that A1ΦHH
′, A2SH ′H, and λΦSHH terms are neces-
sary to generate the mixings among the neutral compo-
nents of Φ, S, and H ′, as well as yΦijLiΦLj to generate the
y′Φij
2 sν
c
i νj terms. In the traditional SU(3)C × SU(2)L ×
U(1)I3R × U(1)B−L model, the lepton doublets Li are
charged under U(1)B−L while the Higgs field H is neu-
tral under U(1)B−L. Thus, our model cannot be realized
in the traditional SU(3)C×SU(2)L×U(1)I3R×U(1)B−L.
III. ELECTRON RECOIL
The sν¯cν and se¯e vertices in Eq.4 and 5 let s mediate
‘non-standard’ electron scattering process νie
− → νcj e−,
as shown in Fig. 1. As s carries lepton number, this
scattering process violates lepton number by two units,
and it has no interfering diagrams from the SM. The
scattering amplitude square is
|M|2 = −y
′2
ν y
2
e(M
2
e − t)t
(M2s − t)2
, (7)
where t = (pν¯ − pν)µ(pν¯ − pν)µ is the Mandelstam t
variable. Here we denote y′ν ≡ y′Φij /2 and neglect the
flavor indices for convenience. Ignoring neutrino masses,
t = −2MeEk for neutrinos scattering off free electrons,
and the differential cross-section is
dσνe
dEk
=
y′2y2eEkMe(Ek + 2Me)
8piEν(M2s + 2MeEk)
2
. (8)
Ek denotes the electron’s acquired kinetic energy after
scattering, and Eν is the incident neutrino energy. Noted
this sν¯cν leads to different scattering kinematics com-
paring to that from a lepton number conserving sν¯ν ver-
tex [39]. This NSI scattering spectrum is significantly
harder at large electron recoil energy Ek. However, their
low Ek spectra converge, in particular at low Ek range
with an even lower Ms, which features a kinematic re-
gion:
Ms 
√
2MeEk Me (9)
3in which low momentum transfer dominates the scatter-
ing as the cross-section in Eq. 8 behaves as dσ/dEk ∝
E−1k . For s mass below the KeV scale, Eq. 9 is typi-
cally satisfied by near-threshold (KeV) energy transfer
in electron recoil events with solar and reactor neutrinos
at direct-detection experiments. Eq. 8 is for a free elec-
tron, and the different rate for recoil energy ER would
be
dN
dER
= N ·T ·(ER)
∫
dE′G(E′, ER)
∫
dEνF(E′)dφν
dE′
dσνe
dE′
,
(10)
where N and T are the number of targets and exposure
time. For comparison with XENON1T results,  is the
detector efficiency [1]. G is a Gaussian smearing on ER
that accounts for detector resolution,
G = 1√
piδE
exp
− (ER−E′)2
δ2
E (11)
where we take δE = 1.85 KeV to reproduce a 3 KeV half-
height width of a smeared line spectrum shown in Ref. [1].
φν is the Solar neutrino flux model that we adopt from
Ref. [40]. F(E) = ∑i θ(E−Bi) is a sum of step-functions
with threshold at 54Xe atom’s ith electron binding en-
ergy, which has been shown to be a good approximation
of the corrections from atomic binding [41, 42].
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FIG. 2. Best-fit solar neutrino NSI event distribution (gray
dotted) with
√
yνye = 0.8× 10−6, background ηB0 with η =
95.5% (red dashed) and the total spectrum (solid). The NSI
signal assumes the low Ms limit.
IV. FIT TO XENON1T
The solar neutrino’s νe → ν¯e event rate rises towards
low energy, which helps explaining the near-threshold
excess reported by XENON1T. Here we make a likeli-
hood fit the 29 binned data [1] below 30 KeV by combin-
ing these NSI-induced events with XENON1T’s best-fit
background modeling B0,
χ2 =
∑
i
(ηB0i +N
eν
i −Ndatai )2
(δNi)2
+
(1− η)2
(δη)2
, (12)
where last term accounts for a small normalization un-
certainty in the background model. In this low ER range,
the detector background B0 is primarily the flat 214Pb
component, which is a calibrated in the entire 1-210 KeV
range and has a 2% statistic uncertainty. Detector effi-
ciency modeling contributes another 1% normalization
uncertainty, and we take a combined δη = 3%.
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FIG. 3. Minimal χ2 after marginalizing over η. The√
yνye → 0 direction approaches to the background only fit.
1.7×10−7 < √yνye < 1.2×10−6 is a 2σ favored range around
the best fit point. The shaded exclusion region is inferred from
the BOREXINO bound [43].
Best-fit spectra to XENON1T data is shown in Fig. 2.
Taking the low Ms limit, a minimal χ
2 = 40 is obtained
at
√
yνye = 0.8×10−6 and the background being slightly
down-scaled η − 1 = −4.5%. The best fit point yields
a ∆χ2 = −7.9 improvement over fixed B0 fit. The χ2
dependence on
√
yνye is plotted in Fig. 3 and the 2σ-
preference threshold around the best-fit is shown as the
dotted curve.
Noted that with 28 degrees of freedom, the minimal
reduced χ2/dof# = 1.42 corresponds to 93% credence
level (C.L.), which is not a most perfect fit to the data
below 30 KeV. This is due to fluctuations above 10 KeV
that are still unaccounted for by the flat 214Pb back-
ground and an NSI contribution close to the detector
energy threshold.
A few comments are due for comparing the result from
lepton-number violating scattering to those existing con-
straints at solar and reactor neutrino experiments. As
long as Eq. 9 is satisfied, dσ/dER ∝ E−1R is a com-
mon kinematic feature that is also observed in lepton-
number conserving (sν¯ν) scalar and neutrino magnetic
dipole moment scenarios. As most signal events are at
near-threshold, sν¯ν, sν¯cν and ν¯σµννF
µν interactions will
lead to almost identical event distributions. This allows
the scalar coupling bounds to be inferred from existing
νµ limits. For instance, the signal events with νµ =
2.8 × 10−11µB, which corresponds to BOREXINO [43]
bounds, can be reproduced with
√
yνye = 1.2×10−6 and
it is shown as the shaded exclusion in Fig. 3.
As reactor neutrino is predominantly ν¯e at short dis-
4tances, reactor neutrino constraints can be circumvented
by assuming yνij in Eq. 5 only involve νµ and ντ , at the
cost of raising the average
√
yνµye,
√
yντ ye by approxi-
mately 10%-19% as νe makes 1/3 to 1/2 of the solar neu-
trino flux [44] after flavor oscillation in the Sun. Note
solar neutrino experimental bounds would also relax ac-
cordingly.√
yνye needs the scalar coupling to both neutrinos and
electrons, thus it is subject to astrophysical constraints.
For ms  KeV , yν ≤ 10−6 is consistent with stellar
cooling bound [45]. ye however, is very severely con-
strained by stellar cooling [46]. Efforts to weaken ye
bounds include resorting to scenarios where the scalar
mass is environment-dependent [17, 47].
V. CONCLUSION
In light of the 2-7 KeV electron recoil excess at the
XENON1T experiment, we propose a new SU(3)C ×
SU(2)L × U(1)Y × U(1)B−L model that provides a light
scalar s after U(1)B−L and electroweak symmetry break-
ing, and also generates sν¯cν, se¯e couplings via heavy
fields above the U(1)B−L breaking scale. These couplings
violate lepton number and lead to non-standard νe→ νce
scattering. Solar MeV neutrinos may scatter off detec-
tor’s electron via NSI, and enhance low ER electron recoil
event rate that explains the observed excess.
We calculate the recoil spectrum for Solar neutrino’s
νe → νce process, and compare the NSI spectrum in
the light mediator limit (Ms  KeV) to other scatter-
ing processes, that share a common E−1R kinematic fea-
ture near threshold energy. A preferred coupling range
1.7 × 10−7 < √yνye < 1.2 × 10−6 is obtained by fitting
to the binned XENON1T data below 30 KeV, and allow-
ing the 214Pb dominated background to re-scale at an
3% uncertainty. The optimal case
√
yνye = 0.8 × 10−6
improves over the background-only fit by more than 2σ.
The preferred
√
yνye range that explains the
XENON1T excess is consistent with existing solar neu-
trino measurements, and by assuming flavored νµ, ντ cou-
plings, avoid constraints from reactor neutrino experi-
ments. The ye coupling however may require more so-
phisticated design to evade tension with stellar cooling
bounds.
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